Abstract: The purpose of this paper is to investigate the effects of posture, push force and rate of temperature change on thermotactile thresholds and to clarify suitable measuring conditions for Japanese people. Thermotactile (warm and cold) thresholds on the right middle finger were measured with an HVLab thermal aesthesiometer. Subjects were eight healthy male Japanese students. The effects of posture in measurement were examined in the posture of a straight hand and forearm placed on a support, the same posture without a support, and the fingers and hand flexed at the wrist with the elbow placed on a desk. The finger push force applied to the applicator of the thermal aesthesiometer was controlled at a 0.5, 1.0, 2.0 and 3.0 N. The applicator temperature was changed to 0.5, 1.0, 1.5, 2.0 and 2.5°C/s. After each measurement, subjects were asked about comfort under the measuring conditions. Three series of experiments were conducted on different days to evaluate repeatability. Repeated measures ANOVA showed that warm thresholds were affected by the push force and the rate of temperature change and that cold thresholds were influenced by posture and push force. The comfort assessment indicated that the measurement posture of a straight hand and forearm laid on a support was the most comfortable for the subjects. Relatively high repeatability was obtained under measurement conditions of a 1°C/s temperature change rate and a 0.5 N push force. Measurement posture, push force and rate of temperature change can affect the thermal threshold. Judging from the repeatability, a push force of 0.5 N and a temperature change of 1.0°C/ s in the posture with the straight hand and forearm laid on a support are recommended for warm and cold threshold measurements.
Introduction
Neurological disturbances such as finger numbness or tingling, and impaired skin perceptions are often encountered in hand-arm vibration syndrome. In Japan, as a medical checkup of hand-arm vibration syndrome, the measurement of pain thresholds has been performed according to the Labour Standards Bureau Notification No.609, but measurement with a weighted syringe needle is a question under discussion due to the risk of infection. A new index for special medical checkup of vibration syndrome is required in place of the pain threshold measurement. Meanwhile, the usefulness of the thermotactile threshold has been reported as a diagnostic measure for evaluating the function of small sensory nerve fibers involving unmyelinated C fibers and myelinated A-σ fibers 1, 2, 4) . As pain threshold measurement is also expected to examine the dysfunction of small sensory nerve fibers, thermotactile threshold measurement can be a substitute for pain threshold measurement.
A deterioration in thermotactile thresholds has been demonstrated among vibration-exposed workers 2, 4) and thermotactile threshold testing is recommended to evaluate the function of small sensory nerve fibers 1) . It is, however, indicated that the thermotactile threshold is affected by various factors in the measuring conditions such as the reference temperature or skin temperature 3, 7, 11) , the applicator size 3) , the rate of temperature change 3, 6, 10) , and the push force 6, 10) . With respect to the reference temperature or skin temperature, previous studies have shown that the repeatability of thermal testing is sufficiently accurate when the skin temperature of subjects is over 30°C 3, 11) . It is also reported that the thermal threshold is lower with a big probe than with a small one 3) . These two factors are physiologically fundamental measuring conditions.
Previous studies have also indicated that a 1°C temperature change 3, 6, 10) and a 2 N push force 6, 10) are recommendable. But the effects of the rate of temperature change and the push force were not investigated at once, nor was the effect of the push force itself examined fully. It is not clear whether these measurement conditions can apply to Japanese people, although many researches have been done to measure the thermotactile perception thresholds around the world.
In addition, Lindsell and Griffin 6) suggested that the measurement posture of flexion or rotation of the wrist during thermal measurements might result in compression of the ulnar or median nerve and affect the measured threshold. This means that nerves and blood vessels may be pressed in thermal measurement. Moreover, the posture of wrist flexion might possibly compress the vessels as well as the nerves in the wrist, which could reduce blood flow to the finger and deteriorate the nerve function.
Nevertheless, the effects of measurement posture on the thermal thresholds have not been investigated experimentally.
Therefore, the purpose of this study was to investigate the effect of posture, push force and rate of temperature change on the thermotactile threshold, considering these three conditions simultaneously, and to clarify suitable measurement conditions.
Subjects and Methods

Subjects
Eight male subjects participated in the present study. All subjects were healthy male students at the Human Factors Research Unit, Kinki University, who had no neuromuscular or vascular disorder and no previous serious injury to the upper extremities. Their mean age was 22.6 (SD: 0.7) years were, height 170.1 (6.0) cm and weight 62.2 (5.0) kg. The present series of experiments were conducted according to the safety recommendations and with the approval of the Human Experimentation Safety and Ethics Committee of the Department of Industrial Engineering, Kinki University.
Equipment specifications and procedure
Thermotactile (warm and cold) thresholds on the palmar surface of the distal phalanges of the right middle finger were measured with an HVLab thermal aesthesiometer 6) . The measurements were conducted in a soundproof room, where the room temperature ranged from 24 to 26°C, and the noise level was 35 dB(A).
Each subject was seated and relaxed in the room. Skin temperature of the right middle finger was measured with a temperature probe of the aesthesiometer. When the temperature was above 30°C, the temperature was set as the starting temperature of the applicator of the aesthesiometer. If not, the subject's finger was warmed beforehand to above 30°C with a heater, so that the starting temperature of all subjects was above 30°C (Mean; 34.4°C, SD; 1.2°C).
The right middle finger of the subject was put on the applicator, and then the temperature of the applicator was increased or decreased from the starting temperature at a rate of change which could be varied by mean of a software program. When the subject perceived warm or cold sensation and pressed the response button, the temperature was reversed and returned to the starting temperature. The applicator temperature was held at that temperature for 5 s and then began to increase or decrease at the same rate of change. An automatic test program repeated this process several times to establish the mean threshold levels of warm or cold sensation. In the present study, this process was repeated six times to obtain each warm and cold threshold respectively. The warm or cold threshold for each subject was then determined as the mean of the last four measurements, excluding the first two measurements that were regarded as trials. During the measurement, the push force on the applicator was controlled by the subject's visual feedback from electronic scales.
After each measurement under different measurement conditions, the subjects were asked about comfort during each measurement (+1 comfortable; 0 fair; and -1 uncomfortable).
Measurement parameters
In the present series of experiments, thermal thresholds were measured under different conditions of posture, push force applied to the applicator, and the rate of change of applicator temperature. The effect of posture was studied with three different postures: 1) straight hand and forearm laid on a support (posture 1), 2) the fingers and hand flexed at the wrist with the elbow placed on a desk (posture 2), and 3) straight hand and forearm without support (posture 3) as shown in Fig. 1 .
Push force was examined in four conditions, 0.5, 1.0, 2.0 and 3.0 N, because a 2 N push force has been recommended 6) . The applicator temperature was increased or decreased at a rate of 0.5, 1.0, 1.5, 2.0 and 2.5°C/sec, as some studies have suggested that a 1°C/s temperature change rate was recommended 3, 10) . The present study investigated these three measurement conditions, considering them simultaneously. As a result, the experiment conditions were 60 conditions (3 postures × 4 push forces × 5 temperature change rates). The subjects took part in 5 sets of 60 conditions with a rest for more than 60 min between experiments in one day between 9:00 a.m. and 5:00 p.m. Accordingly it took 12 days to finish one series of experiments under the 60 conditions. To investigate the repeatability of each set of measurement conditions, all subjects took part in another series of experiments under 60 conditions on different 12 days, and repeated them again on another 12 days, so that all subjects underwent three series of experiments under 60 conditions on 36 days different.
Statistical analysis
Data analyses were conducted with SPSS for Windows, version 9.0. Repeated measures analysis of variance (ANOVA) was used to analyze factors of posture, push force, rate of temperature change and measurement day which may affect warm and cold thresholds. The repeatability of thermotactile thresholds on two different days under the same measurement conditions was evaluated with Pearson's correlation coefficients and r.m.s. errors 8) . The r.m.s. error was calculated from the following formula:
where Xi are the data for day X, Yi are the data for day Y, and i is the subject number. Pearson's correlation coefficient was greater and the r.m.s. error was smaller, and the measurement conditions were thought to have a good repeatability of thermal threshold measurements. Differences were considered statistically significant at p<0.05. Tables 1, 2 and 3 show the results of mean and standard deviations of warm and cold thermotactile thresholds obtained under different measurement conditions. Thresholds tended to be higher in the order posture 1, posture 2 and posture 3. The standard deviations of thermal thresholds also tended to increase in that order. With a warm threshold a small value means more sensitivity to warmth, whereas with a cold threshold a large value implies more sensitivity to cold. The means and the standard deviations of thermal thresholds were likely to be the smallest when the right straight hand and forearm was laid on a support (posture 1). As the rate of change of the applicator temperature was increased, the warm threshold tended to increase a little. With an increase in the push force, the warm or cold threshold also tended to decrease or increase slightly. Repeated measures ANOVA showed that the warm threshold was significantly affected by the rate of temperature change (F=3.449, p<0.05) and the push forces (F=27.816, p<0.01). The cold threshold was significantly affected by the push forces (F=9.725, p<0.01), posture (F=9.998, p<0.01) and the interactions between push forces and the posture (F=3.651, p<0.05). The effect of measurement day was not significant (F=1.173, p=0.338 for warm thresholds; F=0.206, p=0.817 for cold thresholds), so that factors of posture, push force and rate of temperature change affected warm or cold threshold measurements.
Results
Warm and cold thresholds
Differences among measuring conditions for posture, rate of temperature change, and push force were then compared by means of paired t-test. Some of the results are shown in Table 4 .
Under the measuring conditions with a 0.5 N push force at a change rate of 1°C, statistical differences in cold or warm thresholds were not encountered among different measuring postures. Nevertheless, warm thresholds tended to increase in the order posture 1, posture 2 and posture 3, and the differences between posture 1 and posture 3 were on average 1.6-2.5°C for cold thresholds and 0.6-1.8°C for warm thresholds. On the other hand, although significant differences in thermal thresholds were observed among different conditions of push force, the difference was less than 1°C: 0.5-0.9°C for cold thresholds and 0.4-0.8°C for warm thresholds. Statistical differences were found among different rates of change in temperature, particularly in warm thresholds. The differences were 0.6-1.5°C for cold thresholds and 2.6-2.9°C for warm thresholds. It is therefore thought that it is necessary to standardize the measuring posture and the rate of temperature change as fundamental measurement conditions, whereas the effect of the push force may be small in practice. Table 5 shows the mean values for subject comfort assessment of each measurement condition.
Subject's comfort assessment of measuring condition
A value close to 1 showed that the measuring condition was comfortable for the subject. Posture 3, with straight hand and forearm without a support was the most uncomfortable posture, whereas posture 1 with straight hand and forearm with a support was the most comfortable for the subjects. The values for the comfort assessment were likely to increase a little with a decrease in the push force. The rate of temperature change seemed to have only a little effect.
Repeatability of threshold measurement
The repeatability of thermal measurement on different days was evaluated with correlation coefficients and r.m.s. errors. Good repeatability should show a high correlation coefficient and a small r.m.s. error 8) . The correlation coefficients varied among different measuring postures. The r.m.s. errors tended to be greater in posture 2, but the errors were almost the same in postures 1 and 3. Nevertheless, the comfort assessment showed that posture 1 was the most comfortable for the subjects. Table 6 shows Pearson's correlation coefficients and r.m.s. errors for different measurement days for posture 1 only.
The correlation coefficients for both warm and cold thresholds on different days under the same measurement conditions were relatively high for the following four conditions: a 0.5°C/s temperature change rate and a 2 N push force, a 1°C/s temperature change rate and a 0.5 N push force, a 1.5°C/s temperature change rate and a 1 N push force, and a 2°C/s temperature change rate and a 0.5 N push force.
Among these four conditions, the r.m.s. errors looked the smallest under the measurement condition of a 1°C/s temperature change rate and a 0.5 N push force.
Discussion
In the present study, the measurement postures significantly affected cold threshold measurements. The means and standard deviations of thermal thresholds were likely to be smallest in posture 1 (straight hand and forearm on a support), and they tended to be greatest in posture 3 (straight hand and forearm without a support). In posture 2 (the fingers and hand flexed at the wrist with the elbow placed on a desk) they were in between them. These results may be associated with the stability of the hand and arm examined. and affect the threshold 6) . The present findings on subject's comfort assessment also indicated that the posture 1 was the most comfortable for the subjects, and posture 3 was the reverse, so that the posture in which the straight hand and forearm are laid on a support can be the most comfortable for the subjects and is recommended for thermal threshold measurements.
The present repeated ANOVA also indicated that the rate of change in the applicator temperature significantly influenced warm thresholds, and the push force affected warm and cold thresholds. As the rate of temperature change rose from 0.5°C/s to 2.5°C/s, warm thresholds tended to increase. Hilz et al. also showed that thermal thresholds were higher with a 3°C/s stimulation than with a 1°C/s stimulation 3) . Ruffell and Griffin found that incremental rates of temperature did not significantly affect thermal thresholds, except that cold thresholds were significantly higher at 0.5°C/ s than at 2.5°C/s 10) . On the other hand, increasing the push force tended to produce slightly lower thermal thresholds. Although there were no studies investigating the effect of the push force on thermal thresholds, similar findings were shown by previous studies on vibrotactile thresholds 5, 9) .
When the repeatability of thermal thresholds was compared in the measuring posture of the straight hand and forearm on a support, a relatively good repeatability was obtained at a 1°C/s temperature change rate and a 0.5 N push force for warm and cold thresholds. The repeatability was evaluated with correlation coefficients and r.m.s. errors 8) . Relatively good repeatability was observed in various measuring conditions for warm thresholds, but for cold thresholds it was encountered in a small number of measuring conditions, as shown in Table 6 , where repeatability differed with the rate of temperature change and the push force. Considering both warm and cold thresholds, the present findings have shown that a 1°C/s temperature change rate and a 0.5 N push force are recommendable measuring conditions. A 1°C/s temperature change rate was in accordance with previous studies 3, 6, 10) , where the effect of the temperature change rate was investigated with a fixed push force of 2 N. In thermal threshold measurements, a 2 N push force was often used 6, 10) , but for Japanese subjects, a weaker push force may be more suitable, since similar findings were found in vibrotactile studies 9) . In comparison of 0.5°C/s and 1°C/s temperature change rates, 1.0°C/s is also preferable to 0.5°C/s in practice, because the former condition requires only a shorter measurement time than the latter. And it turns out that the shorter measurement time is similar to that shown in Table 4 . In view of this, if measurement time becomes long in actual on-site measurement, it will be expected that the subject is made to feel unpleasant.
In the present study the starting temperature of the applicator was set at the subject's finger skin temperature. Some studies have shown that when the skin temperature of the subject is over 30°C, thermal testing is sufficiently accurate 3, 11) . The present experiments were conducted under conditions in which the skin temperature of all subjects was over 30°C (34.4 ± 1.2°C) in a soundproof room with an air temperature of 24 to 26°C. It is therefore considered that the effect of the starting temperature is negligible.
Conclusion
The present series of experiments investigated the effect of measurement postures, the rate of change in temperature, and push forces on thermotactile thresholds, by means of an HVLab thermal aesthesiometer. Warm thresholds were significantly affected by the push force and the rate of temperature change and cold thresholds were influenced by postures and push force. The measurement posture of straight hand and forearm laid on a support was the most comfortable for the subjects. A push force of 0.5 N and a rate of temperature change of 1.0°C/sec in posture 1, straight hand and forearm laid on a support can be suitable conditions for the measurement of warm and cold thresholds from the viewpoints of repeatability of measurement and subject's comfortable.
